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Sunday, February 3, 2013 125aboth into the transition and intermediate states, and support our previous ideas
of a 3(10)-helix region that moves in sequence in S4 in order to occupy the
same position in space opposite F290 from the open through the three first
closed states.
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What Hinges on the S3 Hinge?: Effects of a Conserved Proline Residue on
Gating Current in S4-Based Voltage Sensors
Michael F. Priest, Francisco Bezanilla.
University of Chicago, Chicago, IL, USA.
Voltage-gated potassium channels contain a highly conserved proline residue
in their third transmembrane segment (S3). It has been proposed that the hinge,
or kink, produced in the helix by this residue separates the S3 segment into an
intracellular segment (S3a), and an extracellular segment (S3b). Mutating this
proline to an alanine on the Shaker Kþ IR-H4, W434F background does not
alter the gating current Q-V significantly, but it does result in a dramatic slow-
ing of gating kinetics. As removal of prolines from transmembrane domains in
other proteins is insufficient to remove the kink, we mutated a threonine, found
four residues above the proline, and potentially involved in stabilizing the
proline-induced kink. While the single mutation of the threonine to an alanine
had little effect on the gating currents measured, the simultaneous mutation of
the proline and threonine to alanine resulted in gating kinetics that were slower
than wild-type, but faster than those obtained with the proline-alanine mutation
alone. By inserting a proline into the homologous position of an inactivated
(C363S), left-shifted (R217Q) version of Ci-VSP, we accelerated gating current
kinetics. Displacement of the proline one residue in the extracellular direction
slowed gating current kinetics and produced a rightward Q-V shift; conversion
of this displaced proline to a serine also slowed gating currents compared to
wild-type. These results suggest that the rapid gating kinetics promoted by
the presence of the S3 proline are the result of the proline stabilizing a network
of intramolecular bonds rather than by simply kinking the helix. Supported by
NIH-GM030376.
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Molecular Basis for Time Dependent Modulation of Kv3.1 Channels that
Assures Action Potential Repolarization
Alain J. Labro1,2, Jerome J. Lacroix1, Dirk J. Snyders2, Francisco Bezanilla1.
1University of Chicago, Chicago, IL, USA, 2University of Antwerp, Antwerp,
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Voltage-dependent potassium (Kv) channels constitute the cell’s repolarizing
power and shape the action potential (AP) duration. Excitable cells can choose
from a large pool of Kv channels, each with different biophysical properties,
and tune their AP shape by expressing a selected subset. Kv3 channels have
been linked to high-frequency AP firing because of their high threshold of
channel opening (around 0 mV) and fast closure kinetics during repolarizing
potentials. However, although fast closure prevents the membrane from being
excessively repolarized (affecting the next AP generation), it may result in in-
complete membrane repolarization. Previously we determined that Shaker-type
Kv1 channels display voltage-sensor relaxation, a process that results in slower
channel closure. To investigate the relaxation process in Kv3.1, we recorded
gating currents from Kv3.1 channels expressed in XenopusOocytes. In contrast
to Shaker-type Kv1 channels, the relaxation process is in Kv3.1 very fast and
the voltage-sensor gets stabilized in the ‘‘up’’ conformation even before chan-
nel opening. This behavior might originate in Kv3.1’s particular gating kinetics
that are characterized by a very steep voltage-dependency. Consequently,
Kv3.1 channels actually close slowly (compared to channel opening) in the
voltage range between30 and 0 mV. Furthermore, upon short depolarizations
they display a previously uncharacterized hooked tail current during subse-
quent membrane repolarization. This hooked tail was not linked to an underly-
ing inactivated state and can be simulated with a kinetic model. A hooked tail
current yields a temporal increase in repolarizing power that most likely se-
cures membrane repolarization during the falling phase of the AP that normally
works as a negative feedback mechanism on channel closure. Therefore, this
time dependent modulation of Kv3.1 channel closure is expected to be physi-
ologically important for high-frequency AP firing (Support: NIH-GM030376
and FWO-G043312.N)
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A Gating Modulator Peptide Toxin for Shaker-Type KV1 Channels
Derived from the Sea Anemone Bunodosoma cangicum
Jeroen Stas1, Ivan Kopljar1, Alain Labro1, Steve Peigneur2,
Andre´ Junqueira Zaharenko3, Jan Tytgat2, Dirk J. Snyders1.1University of Antwerp, Antwerp, Belgium, 2University of Leuven, Leuven,
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Natural peptide toxins are a rich source of channel modulators that act on the
extracellular face of Kv channels, either at the external pore mouth or at the
voltage-sensing domain (S3-S4 linker). As such, natural toxins provide us
with highly selective and potent molecular probes to unravel the structure
and function of Kv channels. Toxins binding to the external pore mouth partly
or completely block the Kþ permeation while those binding to the VSD inhibit
channel function by modifying channel gating. The Shaker-related Kv1 chan-
nels are targeted by several peptide toxins that block the outer pore mouth
but no gating modifiers that shift the voltage-dependence of channel opening
have yet been identified. Furthermore, the Kv1.5 channel - an important target
for the treatment of atrial fibrillation - has no known external peptide pore
blockers, presumably due to the presence of a positively charged arginine
residue in the outer pore mouth (R379, equivalent to Shaker T449).
Bcg31.16 is a recently discovered peptide neurotoxin derived from the sea
anemone Bunodosoma cangicum that inhibited several Kv1 subunits with nM
potency. Bcg31.16 caused a concentration-dependent depolarizing shift in
the voltage-dependence of channel opening; with 300 nM the shifts amounted
to þ35 mV and þ12 mV for Kv1.3 and Kv1.5, respectively. The voltage-
dependence of C-type inactivation displayed similar shifts, as well as the
voltage-dependence of the gating kinetics. No significant effect on Kv2.1 was
obtained at 1 microMolar. Thus, Bcg31.16 is a new gating modifier toxin of
the Kv1 family and a novel peptide toxin to inhibit the Kv1.5 channel. (Support:
FWO-G043312N to DJS and JT).
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1-Butanol and Gambierol:Low and High Affinity Compounds that Immo-
bilize Charge Movement in Shaker and Kv3.1 Potassium Channels
Evelyn Martinez-Morales, Ivan Kopljar, Alain J. Labro, Dirk J. Snyders.
University of Antwerp, Antwerp, Belgium.
Voltage-gated Kþ (Kv) channels exist as tetramers of a-subunits that contain
six transmembrane segments (S1-S6). The S5-S6 segments assemble into the
ion permeation pathway that is surrounded by four voltage-sensing domains
(VSD). Upon a membrane depolarization the VSD’s move independently to
the ‘pre-activated state’, and subsequently in a concerted way to the activated
state that results in channel opening. It has been reported that 1-alkanols, such
as 1-Butanol, inhibit Kv channels by binding to the S4-S5 linker and the bottom
part of S6 (S6c), suggesting that they affect the gating machinery. Recently, we
demonstrated that the polycyclic-ether toxin gambierol -that most likely binds
to S6c outside the permeation pathway- impairs VSDmovement in Kv3.1 chan-
nels. To determine whether 1-Butanol immobilizes the VSD similarly, we an-
alyzed gating currents of Shaker-W434F channels expressed in HEK-293 cells.
Determining WT Shaker’s affinity for 1-Butanol based on the fraction of ionic
current block yielded an IC50 value of ~50 mM. Concentrations that yielded full
current block reduced charge movement in Shaker-W434F by at least 50%.
Based on the loss in gating charge movement an IC50 value of ~260 mM
was obtained which in a model with 4 identical binding sites fits the IC50 value
of 50 mM obtained from ionic current inhibition. Kinetic analysis showed that
1-Butanol accelerated the deactivating gating currents similar to 4-AP indicat-
ing that the final concerted step could not be passed. However, this final con-
certed step carries only 5% of the total charge and 1-Butanol reduced charge
movement by at least 50%. These data suggest that the mechanism of 1-Butanol
is reminiscent to that of gambierol and stabilizes an early/deep closed state.
(supported by fellowship CONACyT #176137 to EMM & grant FWO-
G0433.12N to DJS)
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Stoichiometric Analysis of Heterotetrameric Kv2.1/Kv6.4 Channels
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Voltage-gated Kþ (Kv) channels are formed as tetramers of a-subunits.
Based on sequence similarity, closely Shaker-related Kv subunits have been
divided into eight subfamilies (Kv1-Kv6 and Kv8-Kv9). Members of the
Kv1-Kv4 subfamilies form - within the subfamily - functional channels in
both homo- and heterotetrameric configuration. The Kv5, Kv6, Kv8 and
Kv9 subunits are designated silent Kv (KvS) subunits since they do not
form functional homotetrameric channels, but they co-assemble with Kv2
subunits generating functional heterotetrameric Kv2/KvS channel com-
plexes. Kv1-Kv4 channel subunits are thought to assemble as a dimer of
dimers, but Kv2.1/Kv9.3 channels have been shown to assemble with a 3:1
stoichiometry - i.e. three Kv2.1 subunits with one Kv9.3 subunit. However,
126a Sunday, February 3, 2013it remains unclear whether this 3:1 stoichiometry can be extrapolated to all
Kv2/KvS channels. Here we report that the silent subunit Kv6.4 can assemble
with Kv2.1 subunits into heterotetrameric Kv2.1/Kv6.4 channels with a dimer
of dimers configuration. Therefore we constructed both Kv2.1-Kv6.4 and
Kv6.4-Kv2.1 dimers. Each dimer produced functional channels characterized
by a voltage-dependence of inactivation (V1/2 = 59.2 mV and V1/2 =
62.9 mV, respectively) that is shifted approximately 40 mV into hyperpolar-
ized direction compared to the voltage-dependence of inactivation of the
Kv2.1-Kv2.1 dimer (V1/2 = 23.5 mV). These voltage-dependencies are sim-
ilar to those obtained after expression of Kv2.1 monomers alone (V1/2 =
18.2 mV) and after co-expression with Kv6.4 (V1/2 = 55.6 mV). In addi-
tion, this dimer of dimers configuration was confirmed with Fluorescence Res-
onance Energy Transfer (FRET) experiments using YFP and CFP tagged
dimers. While these data may not rule out an alternate 3:1 stoichiometry,
they do indicate that Kv2.1 and Kv6.4 subunits can heterotetramerize into
functional channels with a 2:2 stoichiometry.
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K Channel Activation Kinetics
Clay M. Armstrong, Toshi Hoshi.
University of Pennsylvania, Philadelphia, PA, USA.
Based on x-ray analysis and other evidence, the V-gate of a Kþ channel
opens after outward movement of the S4 segment of the four subunits,
each S4 moving in four steps. Kþ channel kinetics have been empirically de-
scribed as governed by four ‘‘n’’ particles (Hodgkin and Huxley) each with
two possible positions, deactivated and activated, with all four activated for
conduction; and more recently as a three state scheme for the S4 segments,
resting, preactivated, and activated, followed by an opening ‘concerted’ step.
We examined Ig of nonconducting ShBN W434F. In agreement with previ-
ous data, Ig during activation at high voltage has a rising phase, with no ris-
ing phase for small depolarizations. Strikingly, the deactivation tails at –80
have only two kinetic components. A fast quasi-exponential tail follows
small depolarizations. Following large depolarizations that open all V-gates,
the quasi-exponential component is absent, and the initial amplitude of Ig is
zero: the open V-gate paralyzes all S4 motion, but Ig rises in amplitude as
some V-gates close, then decays as the pool of open gates is exhausted.
All Ig tails can be accurately reconstructed from these two components. Fit-
ting with the minimal kinetic scheme (70 states) that describes four S4 seg-
ments each with four positions, we find that the 1st step (in which R1 moves
from inside, near Shaker E293, to outside, near E283) is approximately 10
times slower than the next 3 steps (R2, 3, and 4 move from inside to out-
side). In the fourth step K5 moves to E293, a relatively stable position.
On deactivation when the V-gate is not open, reversal of the fourth step is
rate limiting, and the kinetics are quasi-exponential. These findings explain
both the kinetics of activation and deactivation, and the steepness of the Q-V
curve.
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Activation and Inactivation Steps Altered by Proline Hinge Mutations in
Kv1.4
Glenna Bett1, Qinlian Zhou2, Mimi Liu3, Hong Guo3, Agnieszka Lis3,
Randall L. Rasmusson3.
1Gynecology-Obstetrics, Buffalo, NY, USA, 2Biomedical Engineering,
Buffalo, NY, USA, 3Physiology and Biophysics, Buffalo, NY, USA.
Several voltage-gated channels share a Proline-Valine-Proline (‘‘proline
hinge’’) sequence motif at the intracellular side of S6. We studied the proline
hinge in Kv1.4 channels which inactivate via two mechanisms: N- and
C-type. We mutated the second proline to glycine (P558G) or alanine
(P558A), and studied these mutations in the presence/absence of the N-terminal
to separate the effects of the interaction between the proline hinge and N and
C-type inactivation.
Both S6 mutations slowed or removed N- and C-type inactivation, and altered
recovery from inactivation. P558G slowed activation and N- and C-type
inactivation by nearly an order of magnitude. Sensitivity to extracellular ac-
idosis and intracellular quinidine binding remained, suggesting that the trans-
membrane communication in N- and C-type inactivation was preserved,
consistent with our previous findings of major structural rearrangements in-
volving S6 during C-type inactivation. P558A was very disruptive: activation
was slowed more than an order of magnitude, and no inactivation was ob-
served. These results are consistent with our hypothesis that the proline hinge
and intracellular S6 movement plays a significant role in inactivation and
recovery.To analyze the effect of these mutations in changing channel gating kinetics,
we modified our previously published model of Kv1.4 by adding a primed
but non-conducting state connected to the open state by a voltage insensitive
step. In order to reproduce the experimental observation that N-type inactiva-
tion occurs at more positive potentials than C-type, the C-type inactivated state
must be coupled to earlier voltage-dependent steps. Analyses of this model sug-
gest that both P558G and P558A mutations not only modified early voltage de-
pendent steps, but also made the voltage insensitive transition from the primed
state to the open state very slow relative to activation.
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Novel Modulation of a Kv1.2 Chimera by Volatile Anesthetics
Qiansheng Liang1, Annika F. Barber1, Caio S. Souza2, Werner Treptow2,
Manuel Covarrubias1.
1Thomas Jefferson University, Philadelphia, PA, USA, 2Universidade de
Brasilia DF, Brasilia City, Brazil.
Previous work showed that whereas n-alcohols and most general anesthetics
at relevant concentrations inhibit the voltage-gated Kþ channel Shaw2
(K-Shaw2), sevoflurane activates it. By contrast, the wild-type Kv1.2 channel
is resistant to most general anesthetics except sevoflurane, which also activates
this channel. To investigate the structural basis of these differences, we created
a new Kv1.2 chimera (Kv1.2-FRAKT). This approach exploits previous find-
ings indicating that the K-Shaw2 S4-S5 linker is a determinant of the channel’s
modulation by general anesthetics and n-alcohols. We exchanged five residues
in the S4-S5 linker of Kv1.2 with residues at equivalent positions in K-Shaw2
(converting QTLKASMRELGLL into QTFRASAKELTLL). Kv1.2-FRAKT
was then expressed in Xenopus oocytes and investigated under two-electrode
voltage-clamp conditions. Kv1.2-FRAKT exhibits a dramatic rightward shift
in the voltage dependence of activation (DV1/2 = þ41.553 mV) and novel re-
sponses to general anesthetics. Kv1.2-FRAKT is activated by halothane
(K0.5=0.47 mM, nH=1.2), isoflurane, sevoflurane (K0.5=1.2 mM, nH=2.0) and
propofol (K0.5=20.3 mM, nH=2.2); however, it remains highly resistant to
n-alcohols (1-butanol, K0.5=101 mM, nH=1.5). Surprisingly, complete trunca-
tion of the T1 domain abolishes activation of K-Shaw2 by sevoflurane, but
has no effect on the generalized activation of Kv1.2-FRAKT by general anes-
thetics. Therefore, Kv channel regions involved in gating or its regulation play
an important role in their differential functional modulation by general anes-
thetics. We are currently conducting MD simulations and docking calculations
to cast more light on the structural basis of the observations. Specifically, by
comparing the structural space of docking solutions for the ligand chemotypes
against the open and closed membrane-equilibrated structures of Kv1.2,
K-Shaw2 and Kv1.2-FRAKT, we expect to identify specific sites potentially
related to anesthetic binding and effects. Furthermore, we will search for anes-
thetic interactions with the isolated T1 domain of each channel. Supported by
R01-AA010615 (MC).
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Local Anesthetics on Kv Channels - Closed State Binding of Bupivacaine?
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Local anaesthetics (LAs) are generally assumed to block action potentials by
binding to Nav channels, preferentially when in inactivated and/or open state.
Recently, it has been suggested that they, in addition or preferentially, bind to
Nav channels when in intermediate closed states. This is based on the finding
that LAs reduce the peak current more at low voltage steps than at high in volt-
age clamp experiments.
In previous studies we have concluded that LAs preferentially block Kv chan-
nels by binding to exclusively open channels. In the present study we have re-
analysed the effect, with special reference to the new findings of closed state
binding. We analysed the effects of bupivacaine on Kv3.1 channels expressed
in Xenopus oocytes. In contrast to the results from the Na studies, bupivacaine
reduced the early current more at higher voltages than at lower. Nevertheless,
analysing kinetic models we found that the results are explained by binding
preferentially to open channels.
We thus conclude that bupivacaine block K channels mainly in the open state.
We also conclude that a time and voltage-dependent block, similar to that
reported for Na channels, does not necessarily imply binding of channels in
different closed states. Furthermore, the results stress the general fact that
a block of the early current in voltage clamp experiments does not necessarily
imply that LAs bind to the channel when in closed state, contrary to a widely
held view.
